Design and performance of distillation sequences for ternary systems using multiobjective optimization by Salas-Aguilar, C.L. & Bonilla-Petriciolet, A.
282  |  AFINIDAD LXXIV, 580
*Corresponding autor: petriciolet@hotmail.com
Design and performance of distillation 
sequences for ternary systems using multi-
objective optimization
C.L. Salas-Aguilar and A. Bonilla-Petriciolet*
Chemical Engineering Department, Instituto Tecnológico de Aguascalientes, Aguascalientes, México, 20256
Diseño y desempeño de secuencias de destilación para sistemas ternarios utilizando 
optimización multi-objetivo
Disseny i desenvolupament de seqüències de destil·lació per a sistemes ternaris utilitzant 
optimització multiobjectiu
RECEIVED: 16 NOVEMBER 2016. REVISED: 15 FEBRUARY 2017. ACCEPTED: 23 FEBRUARY 2017
SUMMARY
This paper discusses the design and separation per-
formance of distillation schemes for ternary mixtures 
using a multi-objective optimization approach. Se-
veral ternary systems have been considered as cases 
of study to illustrate the capabilities and limitations 
of traditional, nonsharp and intensified distillation 
configurations in terms of their tradeoffs between the 
purity of target compounds and the energy required 
for the separation. A detailed analysis of the process 
effectiveness of these distillation sequences has been 
carried out where the impact of design parameters 
on both separation efficacy and energy efficiency has 
been considered. Results showed that the efficacy of 
these separation schemes can vary substantially when 
both the energy consumption and the composition of 
a key component are the targets in conflict. In fact, 
the conventional direct distillation sequence may 
offer a better tradeoff between composition and ener-
gy consumption than those obtained for intensified 
schemes in some tested ternary mixtures. Therefore, 
this study highlights the importance of performing 
a reliable design of multi-component separation se-
quences to evaluate their advantages and potential 
improvements for industrial applications.
Keywords: Multi-objective optimization; design 
parameters; intensified sequences; ternary mixtures; 
distillation.
RESUMEN
Este artículo discute el diseño y desempeño de se-
paración de esquemas de destilación para mezclas 
ternarias utilizando un enfoque de optimización 
multi-objetivo. Varios sistemas ternarios han sido 
considerados como casos de estudio para ilustrar 
las capacidades y limitaciones de configuraciones de 
destilación tradicional, nonsharp e intensificadas en 
términos de sus compensaciones entre la pureza de 
los compuestos claves y la energía requerida para su 
separación. Se ha realizado un análisis detallado de 
la eficacia del proceso de estas secuencias de desti-
lación considerando el impacto de los parámetros de 
diseño tanto en la eficacia de separación como en la 
eficiencia energética. Los resultados demuestran que 
la eficacia de estos esquemas de separación puede va-
riar sustancialmente cuando el consumo de energía y 
la composición del componente clave son los objeti-
vos en conflicto. De hecho, la secuencia de destilación 
convencional directa puede ofrecer un mejor equili-
brio entre la composición y el consumo de energía que 
los resultados obtenidos para esquemas intensificados 
en algunas de las mezclas ternarias estudiadas. Por 
tanto, este estudio destaca la importancia de reali-
zar un diseño confiable de secuencias de separación 
multicomponente para evaluar sus ventajas y mejoras 
potenciales en aplicaciones industriales.
Palabras clave: Optimización multi-objetivo; pará-
metros de diseño; secuencias intensificadas; mezclas 
ternarias; destilación.
OCTOBER - DECEMBER 2017  |  283
RESUM
Aquest article discuteix el disseny i desenvolupa-
ment de separació d’esquemes de destil·lació per a 
mescles ternàries utilitzant un enfocament d’optimit-
zació multiobjectiu. Diversos sistemes ternaris han 
estat considerats com a casos d’estudi per il·lustrar les 
capacitats i limitacions de configuracions de destil·la-
ció tradicional, nonsharp i intensificades en termes 
de les seves compensacions entre la puresa dels com-
postos claus i l’energia requerida per a la seva sepa-
ració. S’ha realitzat una anàlisi detallada de l’eficàcia 
del procés d’aquestes seqüències de destil·lació consi-
derant l’impacte dels paràmetres de disseny tant en 
l’eficàcia de separació com en l’eficiència energètica. 
Els resultats demostren que l’eficàcia d’aquests esque-
mes de separació pot variar substancialment quan el 
consum d’energia i la composició del component clau 
són els objectius en conflicte. De fet, la seqüència de 
destil·lació convencional directa pot oferir un millor 
equilibri entre la composició i el consum d’energia 
que els resultats obtinguts per esquemes intensificats 
en algunes de les mescles ternàries estudiades. Per 
tant, aquest estudi destaca la importància de realitzar 
un disseny fiable de seqüències de separació multi-
component per avaluar les seves avantatges i millores 
potencials en aplicacions industrials.
Paraules clau: Optimització multiobjectiu; parà-
metres de disseny; seqüències intensificades; mescles 
ternàries; destil·lació.
INTRODUCTION
The process design of distillation sequences for the 
separation of multi-component systems has been 
recognized as a complex and challenging engineer-
ing problem1. Process performance of separation se-
quences relies on the selection of design parameters 
and it is well known that there are high non-linear in-
teractions between the degrees of freedom involved 
in the process modeling. Therefore, this design stage 
is fundamental to improve the thermodynamic ef-
ficiency of this separation technology, which is con-
sidered highly energy intensive2,3. Several authors 
have proposed alternative operation schemes (e.g., 
thermally coupled distillation columns, divided wall 
columns or intensified configurations) with the aim 
of reducing the energy consumption and investment 
costs (i.e., size and/or quantity of equipments) for 
distillation processes2,4-6. However, the identification 
of the optimum operating parameters imposes sig-
nificant challenges on the conceptual design of the 
intensified separation schemes for industrial appli-
cations7-9.
To date, some approaches have been reported for the 
sequential synthesis of alternative configurations for 
multi-component distillation sequences2,4,5,10-14. From 
the conceptual point of view, it is feasible to obtain a 
wide variety of intensified schemes for the separation 
of a multi-component mixture, which are expected 
to offer a better process performance than traditional 
separation processes 1,5,14. However, the selection of 
the proper configuration for the mixture under anal-
ysis involves the determination of design variables 
of the different options for the separation sequence, 
the screening of these alternatives using performance 
metrics and the identification of the best separation 
sequence1. Note that the process design of the inten-
sified schemes is commonly carried out via heuristics 
and short-curt methodologies. The traditional ap-
proach for identifying the design parameters of inten-
sified schemes is based on the application of a short-
cut methodologies (e.g., Fenske-Underwood-Gilliland 
method) and a sequential design method where the 
correspondence among the functionality of column 
sections from the simple column sequences and the 
intensified schemes is applied14. This approach usu-
ally includes an additional tuning of the design pa-
rameters with a trial-and-error procedure to achieve 
the separation targets14. Unfortunately, the determi-
nation of the design parameters of intensified separa-
tion schemes is a challenging optimization problem 
and depends on the designer ability. Consequently, 
there is no a guarantee to obtain the optimal design 
using this approach causing that the full capabilities 
of tested separation system are not exploited. To the 
best of author’s knowledge, there are not robust short-
cut methodologies for the design of optimal intensi-
fied separation sequences. 
Herein, it is convenient to highlight that the design 
of intensified distillation configurations is considered 
a challenging global optimization problem due to the 
presence of discrete and continuous design variables, 
highly non-linear objective functions and process re-
strictions15. This problem complexity increases with 
both the number of degrees of freedom (i.e., type of 
process configuration) and the presence of several 
targets to be optimized (i.e., the nature of the optimi-
zation problem). Therefore, the analysis and reliable 
design of multi-component separation schemes are 
still current topics in process system engineering and 
there is a need of robust strategies for the optimiza-
tion of intensified distillation configurations. 
This paper discusses the design and performance of 
distillation schemes for the separation of ternary mix-
tures using a multi-objective optimization approach. 
Several ternary systems have been considered as cases 
of study to illustrate the capabilities and limitations 
of traditional, nonsharp and intensified distillation 
configurations in terms of their tradeoffs between the 
purity of target compounds and the energy required 
for the separation. A reliable comparison of the pro-
cess effectiveness of direct, nonsharp and intensified 
distillation sequences has been performed where the 
impact of design parameters on both separation ef-
ficacy and energy efficiency has been analyzed. Re-
sults showed that the performance of these separation 
schemes can vary substantially when both the energy 
consumption and the separation efficacy are the tar-
gets in conflict. Therefore, this study highlights the 
importance of performing a reliable design of multi-
component separation sequences to evaluate their 
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advantages and potential improvements for industrial 
applications. 
METHODOLOGY
Description of the distillation sequences used 
for the separation of ternary mixtures 
Simple (i.e., direct and indirect) and nonsharp dis-
tillation sequences besides two intensified separation 
schemes were studied and assessed in this manuscript. 
Note that direct, indirect and nonsharp sequences 
were used as base line for comparing the process 
performance of intensified configurations in terms 
of separation efficacy and energy consumption. The 
structure of these distillation sequences is reported in 
Figure 1, which indicates the design parameters and 
nomenclature used for each separation scheme. For 
this study, two intensified sequences were used: one 
separation scheme that has two distillation columns 
with interconnecting flows, while the other sequence 
corresponds to a single distillation column with two 
side streams. In the intensified sequence with two col-
umns, the first column only serves to divide the flow 
of the intermediate component, while the separation 
occurs in the second equipment that has a side stream 
for obtaining the product of the intermediate compo-
nent. The other intensified sequence has one column 
with multiple side streams for obtaining the inter-
mediate product. These intensified sequences were 
obtained using the systematic procedure proposed 
by Rong5, which was proposed to generate alternative 
nonsharp sequences separation with a number of col-
umns < c where c is the number of components in the 
feed. This synthesis method is based on a sequential 
strategy for changing the structures of the conven-
tional separation sequences via heat integration and 
thermal coupling to generate alternative configura-
tions that are expected to be thermodynamically 
equivalent5. However, it is convenient to remark that 
this methodology provides alternative configurations 
for the separation at hand but the design parameters 
are still unknown and should be determined via a 
proper design tool. Generally, the intensified sepa-
ration configurations have more degrees of freedom 
than those of direct or indirect sequences and, con-
sequently, the determination of optimum design pa-
rameters is usually more challenging due to the values 
of design variables are highly constrained on the solu-
tion space. 
On the other hand, eight ternary mixtures were 
used as cases of study to analyze and compare the 
capabilities and limitations of this set of distillation 
sequences. These non-azeotropic mixtures are com-
posed of hydrocarbons, alcohols and aromatics16-19. 
Table 1 displays the feed conditions and thermody-
namic models used for process modeling and Table 
2 shows the operating conditions of all distillation 
sequences.
Design of the distillation sequences for the 
separation of ternary mixtures
All multi-component distillation sequences were 
simulated with Aspen Plus 7.0 assuming an equi-
librium model. The process design of separation se-
quences was formulated as a multi-objective optimi-
zation problem. In particular, the main target of any 
separation sequence is to improve the composition of 
valuable components using the lowest energy require-
ments. Both performance metrics are in conflict and 
Table 1. Description of ternary mixtures used for the design of direct, indirect, nonsharp and intensified distillation 
sequences.
Mixture Components zi Feed conditions Thermodynamic model 
M1
n-pentane
n-hexane
n-heptane
0.20
0.60
0.20
100 kmol/h
1 bar
Saturated liquid
Chao-Seader
M2
benzene
toluene
o-xylene
0.33
0.33
0.33
60 kmol/h
1 bar
Saturated liquid 
NRTL-RK
M3
methanol
ethanol
propanol
0.30
0.25
0.45
100 kmol/h
1 bar
 Saturated liquid 
NRTL-ideal 
M4
methanol
i-propanol
propanol
0.20
0.30
0.50
200 kmol/h
1atm
Saturated liquid 
Wilson-ideal 
M5
n-hexane
n-heptane
n-octane
0.33
0.37
0.30
100 kmol/h
1.2 atm
Vapor fraction: 0.6
Peng-Robinson
M6
benzene
toluene
ethyl-benzene 
0.30
0.25
0.45
100 kmol/h
1 atm
Saturated liquid
Peng-Robinson
M7
benzene
toluene
trimethyl-benzene
0.40
0.30
0.30
100 kmol/h
1atm
Saturated vapor
Peng-Robinson
M8
n-butanol
n-pentanol
n-hexanol
0.15
0.70
0.15
3 Kg/h
0.9 atm
Saturated liquid
NRTL-ideal 
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depend on the selection of the degrees of freedom of 
the distillation sequence. Therefore, the design of the 
distillation systems was performed via the simulta-
neous minimization of the energy consumption and 
the maximization of the purity of a key component. 
This formulation implies a bi-objective optimization. 
It is important to note that the number of design vari-
ables depends on the type of separation configuration 
(see Figure 1). The design parameters of distillation 
sequences were used as optimization variables for ob-
taining the Pareto fronts between the purity of the 
key (i.e., lightest) component (xA) and the total energy 
consumption (Q). Specifically, the multi-objective op-
timization problem was defined as
Direct (DS) and indirect (IS) sequences:
min Q and max xA = f (R1, N1, NF, R2, N2, NB or ND)  (1)
Nonsharp sequence (NSS):
min Q and max xA = f (R1, N1, NF, DAB, R2, N2, ND, R3, N3, NB)  (2)
Intensified sequence with two columns (ISTC):
min Q and max xA = f (R1, N1, NF, DAB, R2, N2, ND, NB, NCL1)  (3)
Intensified sequence with one column and two side streams (ISOC):
min Q and max xA = f (R1, N1, NF, CL1, NCL1, NCL2)  (4)
where Ri is the reflux ratio of distillation column i, 
Ni is the number of trays for column i, NF is the feed 
stage, DAB is the distillate flow from the first column 
containing compounds A and B, CL1 and CL2 are the 
side flows of the intensified columns; while NB, ND, 
NCL1 and NCL2 are the stages for interconnection or 
side streams, respectively. For design analysis, all side 
streams of intensified columns were considered as a 
liquid phase. 
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Figure 1. Schematic representation of a) direct, b) indi-
rect and c) nonsharp distillation sequences and intensified 
configurations with d) two columns and e) one column. 
Table 2 shows the operating conditions selected for 
all ternary systems and distillation schemes. To re-
duce the number of discontinuous design variables, 
the next relationships were employed for handling the 
feed stages in direct, indirect and nonsharp sequences: 
NF = bF×N1, ND = bD×Ni and NB = bB×Ni where bj∈(0, 1). 
For the intensified sequence with two columns ISTC, 
the interconnection and side stream stages were de-
fined as: NCL1 = bCL1×N2, ND = bD-I×NCL1 and NB = NCL1 
+ bB-I×(N2 - NCL1). The side stream stages for the in-
tensified sequence with only one column and two side 
flows (ISOC) were defined as NCL1 = bCL1×N1 and NCL2 
= NF + bCL1×(N1 - NCL1). For the case of stream flow 
DAB in nonsharp and intensified sequence with two 
columns, this design variable was handled as DAB = FA 
+ bFA×FB where bFA∈(0, 1), FA and FB are the feed flows 
of components A and B, respectively. The side flows 
of the intensified sequence with one column are given 
by CL1 = bF-CL1×FB and CL2 = FB - CL1, respectively. 
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Table 2. Operating parameters selected for the design of direct, indirect, nonsharp and intensified distillation sequences in 
ternary systems. 
Mixture Parameter Sequence
DS IS NSS ISTC ISOC
M1
FABC, kmol/h
DA , kmol/h
BC , kmol/h
CL1, kmol/h
P, atm
100
20
20
-
1
100
20
20
-
1
100
20
20
-
1
100
20
-
60
1
100
20
-
-
1
M2
FABC, kmol/h
DA , kmol/h
BC , kmol/h
CL1, kmol/h
P, bar
60
20
20
-
1
60
20
20
-
1
60
20
20
-
1
60
20
-
20
1
60
20
-
-
1
M3
FABC, kmol/h
DA , kmol/h
BC , kmol/h
CL1, kmol/h
P, bar
100
30
45
-
1
100
30
45
-
1
100
30
45
-
1
100
30
- 
25
1
100
30
-
-
1
M4
FABC, kmol/h
DA , kmol/h
BC , kmol/h
CL1, kmol/h
P, atm
200
40
100
-
1
200
40
100
-
1
200
40
100
-
1
200
40
-
60
1
200
40
-
-
1
M5
FABC, kmol/h
DA , kmol/h
BC , kmol/h
CL1, kmol/h
P, atm
100
33
30
-
1.2
100
33
30
-
1.2
100
33
30
-
1.2
100
33
-
37
1.2
100
33
-
-
1.2
M6
FABC, kmol/h
DA , kmol/h
BC , kmol/h
CL1, kmol/h
P, atm
100
30
45
-
1
100
30
45
-
1
100
30
45
-
1
100
30
-
25
1
100
30
-
-
1
M7
FABC, kmol/h
DA , kmol/h
BC , kmol/h
CL1, kmol/h
P, atm
100
40
30
-
1
100
40
30
-
1
100
40
30
-
1
100
40
-
30
1
100
40
-
-
1
M8
FABC, kg/h
DA , kg/h
BC , kg/h
CL1, kg/h
P, atm
3
0.45
0.45
-
0.9
3
0.45
0.45
-
0.9
3
0.45
0.45
-
0.9
3
0.45
-
2.1
0.9
3
0.45
-
-
0.9
The bounds of decision variables used for solving the 
multi-objective design problem of tested distillation 
configurations were: bF, bD, bB, bCL1, bD-I, bB-I and bCL1 
∈(0.2, 0.8), bFA and bF-CL1 ∈(0.1, 0.9), N1∈(3, 50), N2 and 
N3∈(3, 30) and Ri∈(1.2, 12), respectively. 
A multi-objective differential evolution method20 
has been used for the robust design of these distilla-
tion sequences. This method was used to determine 
the trade-off (i.e., Pareto fronts) between separation 
efficacy and energy consumption of the different 
distillation configurations. Note that this multi-ob-
jective method have been successfully used in sepa-
ration process design21-24. It is an evolutionary algo-
rithm obtained from the hybridization of Differential 
Evolution and Taboo Search, which has been adapted 
to optimize multiple attributes. This hybrid method 
is able to solve complex process design problems in-
volving multi-variable black-box objective functions. 
A detailed description of this stochastic multi-objec-
tive method is provided by Sharma and Rangaiah20-22. 
This algorithm was programmed in Excel 2007 and 
linked with Aspen Plus for distillation process design. 
The algorithm parameters used in this study for this 
multi-objective method were: a population of 100 
individuals, a maximum of 200 generations, a taboo 
list of 50% of all individuals, a taboo radius of 0.001, 
crossover and mutation ratios of 0.9 and 0.8, respec-
tively. These parameters were identified using prelim-
inary calculations with tested configuration systems. 
RESULTS AND DISCUSSION
Pareto fronts obtained for the purity of lightest com-
ponent (xA) versus the total energy consumption (Q) 
of all separation sequences and mixtures M1 – M8 are 
reported in Figures 2 and 3. It is convenient to high-
light that these Pareto fronts were plotted to show the 
composition region xA > 0.9, which has been selected 
for separation process analysis. These diagrams are 
useful to characterize and compare the distillation 
configurations in terms of both their separation ef-
ficacy for xA and energy requirements. In addition, 
they allow to identify the operating region where a 
distillation configuration offers the best performance 
and to establish the design parameters for reaching 
the conflicting separation targets. Overall, the xA - 
Q tradeoff of distillation configurations depends on 
the thermodynamic characteristics of the mixture 
under analysis. However, some clear trends can be 
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identified. For example, indirect (IS) and nonsharp 
(NSS) sequences showed a very similar separation 
performance in terms of xA for several tested ternary 
mixtures (e.g., cases of study M2, M3, M4, M5, M6 
and M7). Both distillation configurations required 
the highest energy consumption Q to reach a speci-
fied composition in the lightest component xA. On the 
other hand, the direct distillation (DS) sequence may 
offer an intermediate separation behavior depending 
on the desired specifications for product composition 
xA, while the intensified sequence ISTC generally of-
fers a better tradeoff for the separation of tested ter-
nary mixtures especially at high values of purification 
target xA, see Figure 3. In all cases of study, the inten-
sified sequence ISOC showed the lowest energy con-
sumption compared to conventional and nonsharp 
sequences especially for product composition xA < 
0.95, see Figure 2.
Table 3 summarizes the minimum and maximum 
values obtained from Pareto fronts of all distillation 
configurations. This table contains the results for 
both conflicting targets (xA, Q) and the recoveries of 
components B and C, respectively. Note that it is ex-
pected that the maximization of the composition of 
the lightest component enhances the purification of 
the other two components in process streams even 
though these compositions were not considered as 
objective functions in the optimization problem. For 
illustration, Figures 4 and 5 show the composition 
profiles obtained for the product streams of distilla-
tion schemes of the mixtures M3 and M8 as a function 
of the optimized composition of the key component 
where xA > 0.9. Results showed that the improvement 
of xA increases both xB and xC, and this trend prevails 
in all tested mixtures and distillation configurations. 
However, the pattern of composition profiles is differ-
ent depending on the type of distillation configura-
tion, characteristics of the ternary mixture and the 
purification of component A. For instance, the com-
position of key component A has a significant impact 
on the composition of compounds B and C in process 
streams mainly in NSS, ISTC and ISOC sequences. 
For these separation schemes, slight variations on the 
objective function xA may cause drastic changes in 
the composition of distillation process streams espe-
cially at xA > 0.98, see Figures 4 and 5. 
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Minimize the total energy consumption of the separation sequence (Q, Gcal/h)
Figure 2. Pareto fronts for the separation of ternary mixtures using direct, indirect, nonsharp and intensified distillation 
configurations. Mixtures: a) M1, b) M2, c) M3, d) M4, e) M5, f) M6, g) M7 and h) M8. Configuration: direct sequence (DS), 
indirect sequence (IS), nonsharp sequence (NSS), intensified sequences with two columns (ISTC) and one column (ISOC).
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Figure 3. Pareto fronts for the separation of ternary mixtures using direct, indirect, nonsharp and intensified distillation configu-
rations for xA > 0.99. Mixtures: a) M1, b) M2, c) M3, d) M4, e) M5, f) M6, g) M7 and h) M8. Configuration: direct sequence (DS), 
indirect sequence (IS), nonsharp sequence (NSS), intensified sequences with two columns (ISTC) and one column (ISOC).
Table 3. Limit values obtained for compositions and energy consumption from Pareto fronts of the multi-objective optimiza-
tion of direct, indirect, nonsharp and intensified distillation sequences in ternary systems. 
Mixture Sequence Q, Gcal/h xA xB xC
M1 DS 2.45 - 4.79 0.685 - 0.999 0.889 - 0.998 0.769 - 0.997
IS 3.06 - 5.68 0.723 - 0.999 0.907 - 0.999 0.829 - 0.999
NSS 3.03 - 6.41 0.985 - 0.999 0.796 - 0.999 0.724 - 0.999
ISTC 1.62 - 6.69 0.998 - 0.999 0.869 - 0.968 0.608 - 0.905
ISOC 0.60 - 3.24 0.683 - 0.982 0.704 - 0.941 0.442 - 0.737
M2 DS 1.39 - 4.40 0.897 - 0.999 0.824 - 0.999 0.824 - 0.999
IS 2.07 - 5.26 0.948 - 0.999 0.946 - 0.999 0.972 - 0.999
NSS 2.09 - 7.57 0.992 - 0.999 0.752 - 0.999 0.823 - 0.999
ISTC 1.52 - 4.69 0.997 - 0.999 0.853 - 0.963 0.856 - 0.963
ISOC 0.68 - 3.85 0.896 - 0.993 0.511 - 0.931 0.692 - 0.886
M3 DS 2.14 - 7.56 0.743 - 0.999 0.445 - 0.825 0.805 - 0.935
IS 3.28 - 8.69 0.843 - 0.999 0.604 - 0.975 0.845 - 0.988
NSS 3.33 - 11.08 0.919 - 0.999 0.512 - 0.997 0.834 - 0.900
ISTC 2.49 - 8.78 0.925 - 0.997 0.664 - 0.900 0.858 - 0.946
ISOC 1.15 - 6.48 0.739 - 0.989 0.297 - 0.869 0.762 - 0.883
M4 DS 4.17 - 13.41 0.632 - 0.999 0.484 - 0.974 0.766 - 0.984
IS 5.70 - 12.91 0.822 - 0.999 0.531 - 0.794 0.759 - 0.877
NSS 5.76 - 17.75 0.886 - 0.999 0.430 - 0.999 0.786 - 0.943
ISTC 3.59 - 11.68 0.904 - 0.998 0.568 - 0.823 0.765 - 0.894
ISOC 1.63 - 8.63 0.752 - 0.933 0.331 - 0.765 0.694 - 0.803
M5 DS 1.87 - 6.69 0.649 - 0.999 0.593 - 0.994 0.812 - 0.993
IS 2.91 - 7.69 0.895 - 0.999 0.785 - 0.977 0.795 - 0.977
NSS 2.95 - 12.28 0.957 - 0.999 0.639 - 0.999 0.756 - 0.962
ISTC 1.81 - 8.46 0.901 - 0.999 0.759 - 0.934 0.789 - 0.919
ISOC 0.59 - 5.31 0.648 - 0.989 0.368 - 0.910 0.493 - 0.840
M6 DS 1.93 - 5.87 0.891 - 0.999 0.593- 0.998 0.784 - 0.999
IS 2.96 - 7.55 0.996 - 0.999 0.759 - 0.925 0.868 - 0.958
NSS 2.98 - 8.29 0.997 - 0.999 0.399 - 0.999 0.808 - 0.988
ISTC 2.18 - 6.88 0.998 - 0.999 0.667 - 0.857 0.815 - 0.920
ISOC 1.01 - 5.72 0.891 - 0.994 0.381 - 0.929 0.736 - 0.884
M7 DS 2.02 - 6.81 0.783 - 0.999 0.200 - 0.999 0.600 - 0.999
IS 2.87 - 9.31 0.978 - 0.999 0.266 - 0.999 0.989 - 0.999
NSS 2.92 - 15.17 0.939 - 0.999 0.744 - 0.999 0.958 - 0.999
ISTC 2.33 - 13.67 0.950 - 0.999 0.933 - 0.997 0.983 - 0.999
ISOC 0.92 - 6.68 0.630 - 0.991 0.145 - 0.933 0.593 - 0.922
M8 DS 0.001 - 0.005 0.444 - 0.999 0.779 - 0.988 0.475 - 0.927
IS 0.001 - 0.003 0.486 - 0.998 0.777 - 0.980 0.459 - 0.884
NSS 0.001 - 0.004 0.726 - 0.999 0.807 - 0.999 0.507 - 0.819
ISTC 0.0008 - 0.002 0.830 - 0.999 0.445 - 0.942 0.221 - 0.659
ISOC 0.0002 - 0.001 0.322 - 0.967 0.683 - 0.916 0.221 - 0.556
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Figure 4. Composition of component A versus the composition of distillation process streams for mixture M3.
Table 4. Limit values of design parameters obtained from the multi-objective optimization of direct, indirect, nonsharp and 
intensified distillation sequences in ternary systems. 
Design parameters of distillation process configurations
Mixture Sequence R1 N1 NF R2 N2 ND R3 N3 NB DAB NCL1 NCL2 CL1
M1 DS 1.21 -  10.96 22 - 50 7 - 32 1.20 - 1.22 13 - 30 - - - 5 - 20 - - - -
IS 1.20 - 1.21 6 - 50 2 - 40 1.20 - 11.9 22 - 30 7 - 17 - - - - - - -
NSS 1.20 - 2.73 32 - 50 7 - 17 1.24 - 11.9 28 - 30 12 - 17 1.20 - 1.44 4 - 30 2 - 22 30.0 - 41.0 - - -
ISTC 1.20 - 7.69 35 - 50 9 - 15 1.83 - 11.9 29 - 30 9 - 12 - - 24 - 29 30.0 - 30.44 20 - 24 - -
ISOC 1.20 - 11.95 22 - 50 10 - 31 - - - - - - - 7 - 20 25 - 44 6.0 - 8.40
M2 DS 1.20 - 10.42 35 - 50 16 - 30 1.20 - 1.22 5 - 30 - - - 2 - 21 - - - -
IS 1.20 - 1.31 16 - 50 4 - 34 1.22 - 11.96 29 - 30 14 - 17 - - - - - - -
NSS 1.20 - 7.27 35 - 50 8 - 28 1.23 - 11.75 29 - 30 7 - 19 1.20 - 2.20 4 - 30 2 - 24 25.01 - 26.78 - - -
ISTC 1.20 - 1.27 21 - 50 5 - 28 1.22 - 11.48 29 - 30 10 - 13 - - 25 - 29 25.0 - 25.21 23 - 24 - -
ISOC 1.20 - 11.99 36 - 50 22 - 35 - - - - - - - 7 - 26 24 - 46 2.0 - 2.20
M3 DS 1.20 - 11.98 37 - 50 13 - 28 1.20 - 1.38 4 - 30 - - - 2 - 20 - - - -
IS 1.20 - 1.22 6 - 50 2 - 21 1.20 - 11.98 24 - 30 12 - 18 - - - - - - -
NSS 1.20 - 5.13 24 - 50 10 - 24 1.24 - 11.96 22 - 30 9 - 19 1.20 - 1.93 4 - 30 2 - 28 35.02 - 44.40 - - -
ISTC 1.21 - 2.74 29 - 50 9 - 27 1.20 - 11.96 29 - 30 7 - 12 - - 25 - 30 35.01 - 37.11 23 - 24 - -
ISOC 1.20 - 11.81 26 - 50 12 - 34 - - - - - - - 8 - 27 22 - 47 2.50 - 7.50
M4 DS 1.20 - 11.97 27 - 50 10 - 32 1.20 - 2.95 6 - 30 - - - 2 - 20 - - - -
IS 1.20 - 1.23 5 - 50 2 - 38 1.20 - 11.98 25 - 30 13 - 22 - - - - - - -
NSS 1.20 - 4.97 7 - 50 2 - 29 1.20 - 11.92 22 - 30 13 - 23 1.20 - 3.61 4 - 29 2 - 21 50.40 - 86.60 - - -
ISTC 1.20 - 2.66 16 - 50 6 - 27 1.21 - 11.85 27 - 30 6 - 15 - - 22 - 29 50.04 - 56.21 20 - 24 - -
ISOC 1.20 - 10.98 35 - 50 16 - 40 - - - - - - - 12 - 32 29 - 48 6.0 - 30.0
M5 DS 1.20 -  11.94 16 - 50 9 - 33 1.20 - 1.28 10 - 30 - - - 3 - 20 - - - -
IS 1.20 - 1.23 7 - 46 2 - 34 1.20 - 11.80 25 - 30 11 - 16 - - - - - - -
NSS 1.20 - 9.25 24 - 50 6 - 32 1.22 - 11.94 27 - 30 11 - 17 1.21 - 2.33 4 - 30 2 - 21 38.0 - 55.19 - - -
ISTC 1.20 - 4.72 19 - 50 6 - 32 1.20 - 11.88 25 - 30 6 - 11 - - 22 - 29 38.0 - 49.76 19 - 24 - -
ISOC 1.20 - 11.73 30 - 50 10 - 36 - - - - - - - 7 - 28 21 - 46 3.70 - 22.20
M6 DS 1.20 - 10.29 29 - 50 15 - 32 1.20 - 1.22 4 - 30 - - - 2 - 21 - - - -
IS 1.20 - 1.24 8 - 48 3 - 36 1.28 - 11.80 28 - 30 14 - 18 - - - - - - -
NSS 1.21 - 2.14 22 - 50 8 - 29 1.21 - 11.77 28 - 30 12 - 19 1.20 - 3.74 3 - 30 2 - 20 35.0 - 48.15 - - -
ISTC 1.20 - 1.34 24 - 50 7 - 33 1.21 - 11.92 29 - 30 7 - 13 - - 20 - 29 35.0 - 35.35 15 - 24 - -
ISOC 1.20 - 11.99 32 - 50 10 - 33 - - - - - - - 9 - 24 23 - 46 2.50 - 3.25
M7 DS 1.30 - 10.27 17 - 50 10 - 35 1.20 - 2.76 9 - 30 - - - 4 - 22 - - - -
IS 1.20 - 8.07 11 - 50 3 - 35 1.20 - 11.91 23 - 30 13 - 22 - - - - - - -
NSS 1.20 - 7.53 22 - 50 5 - 33 1.20 - 11.88 24 - 30 8 - 18 1.21 - 8.95 4 - 30 2 - 22 45.04 - 64.93 - - -
ISTC 1.22 - 9.40 10 - 50 4 - 32 1.20 - 11.77 23 - 30 5 - 15 - - 17 - 28 45.01 - 63.77 13 - 24 - -
ISOC 1.29 - 11.98 24 - 50 11 - 37 - - - - - - - 6 - 29 14 - 44 3.0 - 24.0
M8 DS 1.20 - 11.95 26 - 50 8 - 29 1.20 - 6.93 4 - 30 - - - 2 - 20 - - - -
IS 1.20 - 1.21 4 - 50 2 - 29 1.20 - 11.95 21 - 30 9 - 17 - - - - - - -
NSS 1.20 - 7.00 15 - 50 6 - 21 1.21 - 11.66 19 - 30 6 - 17 1.20 - 1.32 4 - 30 2 - 22 0.76 - 1.35 - - -
ISTC 1.20 - 4.68 23 - 50 7 - 28 1.44 - 11.95 27 - 30 6 - 12 - - 22 - 29 0.76 - 1.06 16 - 24 - -
ISOC 1.20 - 11.88 4 - 50 2 - 27 - - - - - - - 2 - 23 14 - 46 0.21 - 0.95
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Table 4 reports the limit values of the design pa-
rameters that were obtained via the multi-objective 
optimization of tested distillation separation schemes 
for all ternary mixtures. With illustrative purposes, 
Figures 6 and 7 show the impact of design parameters 
on the Pareto fronts of separation targets xA - Q for 
mixture M3. Results indicated that there is a great 
variety of process configurations (i.e., set of design 
parameters) that can be obtained from Pareto fronts 
of tested ternary mixtures. It appears that the pro-
cess performance of sequences DS, IS and ISOC is 
more sensitive to the values of design parameters. In 
general, the reflux ratios of distillation configurations 
have a clear trend with respect to both optimization 
targets: xA and Q. The purification of key component 
xA increased with the reflux ratios of distillation con-
figurations but causing a simultaneous increment on 
the energy required for the separation. There is a limit 
for the increments of the reflux ratios where marginal 
improvements of the product purity are obtained at 
the expenses of a significant increment on the en-
ergy required for the distillation process. Note that 
the vapor rate increases with the reflux ratio causing 
the increment of the operating costs for heating and 
cooling. Similar trends of the distillation reflux ratios 
were observed for the purification of components B 
and C in the different separation schemes.  
On the other hand, several design variables do not 
show a clear trend on the conflicting targets used for 
the distillation process design with the multi-objec-
tive optimization approach. For example, all separa-
tion schemes can operate with columns of different 
sizes and they still may offer a good tradeoff of xA – Q 
if remaining design parameters are properly selected. 
These results confirmed that the variables involved in 
the design of multi-component distillation sequences 
have a non-linear behavior and may show interactions 
between them. It is well known that several combina-
tions of distillation design variables can be identified 
to reach the same separation targets but with different 
energy requirements. However, it is expected that the 
number of feasible designs may increase substantially 
with the complexity of the separation sequence. 
Pareto fronts of all separation sequences have been 
divided in three zones to analyze and compare their 
purification efficacy. These operating regions were 
defined in terms of the key component composition: 
1) 0.9 < xA < 0.95, 2) 0.95 < xA < 0.99 and 3) xA > 0.99, 
see Figures 2 and 3. Results showed a clear tendency 
of distillation configurations where the intensified se-
quences are better in terms of tradeoff xA – Q than 
direct, nonsharp and indirect configurations for the 
purification region 0.9 < xA < 0.95. In this operating 
zone, the distillation configuration ISOC offered the 
best purification at the lowest energy consumption 
especially if composition < 0.95 is required for the 
key product xA. The energy savings of this intensi-
fied scheme may range from 20 to 63 % with respect 
to the energetic consumption required for obtaining 
the same purity with other separation sequences. For 
instance, a mole fraction of 0.945 for the key compo-
nent A in product streams of M3 requires an energy 
consumption of 2.95, 3.67, 3.46, 2.71 and 2.02 Gcal/h 
for DS, IS, NSS, ISTC and ISOC, respectively; while a 
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Figure 5. Composition of component A versus the composition of distillation process streams for mixture M8.
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composition of xA = 0.91 can be obtained in mixture 
M4 using 5.37, 6.07, 5.87, 3.63 and 2.23 Gcal/h for the 
same separation sequences. However, the purification 
of components of B and C obtained with ISOC could 
be significantly lower than those achieved with other 
separation schemes. This situation is illustrated in 
Figures 4 and 5 where the purification of component 
C in mixtures M3 and M8 using ISOC is generally 
lower than those obtained for remaining distillation 
configurations. ISTC is the second option for an ener-
gy-effective purification of A and its compositions for 
B and C were better than those obtained with other 
configurations in some ternary systems. 
The separation behavior of distillation sequences 
may vary substantially for the region 0.95 < xA < 0.99, 
see Figure 2. The selection of the best distillation 
configuration depends on the desired key component 
composition. In general, it is clear that IS and NSS 
configurations still showed the worst performance for 
several tested ternary systems in terms of both xA and 
Q. However, they can equal or outperform ISOC spe-
cially when xA ® 0.99. The intensified scheme ISOC 
can offer the best separation efficacy for several mix-
tures when xA ® 0.95 (e.g., mixtures M1, M3 or M7) 
with the exception of mixture M4 where the maxi-
mum purity that can be obtained is ≈ 0.93 indepen-
dently of the design parameters used, see Figure 2d. 
It is interesting to observe that for mixtures M4 and 
M8, this intensified sequence with one column was 
incapable of reaching a product composition xA high-
er than 0.97. In this operating region, the composi-
tions of B and C with ISOC may show a high sensitive 
with respect to the purification of key component xA 
(e.g., see Figure 4). Traditionally, the design of distilla-
tion sequences handles the purification compositions 
of key components as constraints; i.e., it is expected 
that the distillation configuration can fix a purity 
specification in the key components2,6,23-25. The main 
disadvantage of this approach is that it is unknown a 
priori if the process configuration and thermodynam-
ic phase behavior of the mixture may allow to reach 
the desired product compositions. Therefore, these 
results highlight the relevance of analyzing in detail 
the capabilities and limitations of different separation 
M
ax
im
ize
 th
e c
om
po
sit
io
n 
(m
ol
e f
ra
ct
io
n)
 o
f t
he
 li
gh
te
st 
co
m
po
ne
nt
 (x
A)
2 4 6 8 10 12
0.0
0.2
0.4
0.6
0.8
1.0
 
 DS
 IS
 NSS
 ISTC
 ISOC
R 1
0 2 4 6 8 10 12
0.0
0.2
0.4
0.6
0.8
1.0
R 2
0 2 4 6 8 10 12
0.0
0.2
0.4
0.6
0.8
1.0
R 3
10 20 30 40 50
0.0
0.2
0.4
0.6
0.8
1.0
 
N1
10 20 30 40 50
0.0
0.2
0.4
0.6
0.8
1.0
 
N2
10 20 30 40 50
0.0
0.2
0.4
0.6
0.8
1.0
 
N3
5 10 15 20 25 30
0.0
0.2
0.4
0.6
0.8
1.0
 
NF
5 10 15 20 25 30
0.0
0.2
0.4
0.6
0.8
1.0
 
ND
5 10 15 20 25 30
0.0
0.2
0.4
0.6
0.8
1.0
 
NB
30 33 36 39 42 45
0.0
0.2
0.4
0.6
0.8
1.0
 
DAB, Kmol/h
9 18 27 36 45
0.0
0.2
0.4
0.6
0.8
1.0
 
NCL1
9 18 27 36 45
0.0
0.2
0.4
0.6
0.8
1.0
 
NCL2
1 2 3 4 5 6
0.0
0.2
0.4
0.6
0.8
1.0
CL1, Kmol/h
Figure 6. Design parameters of distillation sequences obtained for the maximization of the composition of component A in 
mixture M3.
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process configurations for selecting the best option 
to the mixture under study. On the other hand, the 
distillation scheme DS has a dual separation behavior 
where it is better for the key component purification 
than IS, NSS and ISOC in mixture M4 but its per-
formance is worse in other mixtures (e.g., M8), see 
results of Figures 2 and 3. The direct sequence may 
outperform intensified schemes especially at key 
compound compositions higher than 98 % for mix-
tures M3 and M4. In fact, DS also may offer similar 
or best compositions of B and C than those obtained 
with intensified schemes, see results reported in Fig-
ures 4 and 5 for ternary systems M3 and M8. It is 
clear that ISTC can be the best choice for multicom-
ponent distillation as long as the target composition 
xA increases. However, the purification of remaining 
components could be not satisfactory to achieve the 
design specifications. This condition is illustrated in 
Figure 5 where the mole fraction composition of pro-
cess stream used to obtain the compound C is lower 
than 0.5 in this operating region. Note that the Pareto 
fronts xA - Q of some distillation schemes may show 
intersection points (i.e., they have the same values for 
conflicting objective functions). This situation can 
be exemplified with the results of Pareto fronts from 
mixtures M3 and M7 where ISOC, ISTC and DS re-
quire the same energy for reaching the same purity 
of key component: xA = 0.976 and 3.17 Gcal/h and xA 
= 0.987 and 2.71 Gcal/h, respectively. It is important 
to remark that these configurations are equivalent in 
terms of both xA - Q and, consequently, the selection 
of the best separation scheme should be considered 
the purities obtained in other process streams or oth-
er performance criterion such as the control proper-
ties, safety issues or investments costs. In these cases, 
the compositions of B and C are better using ISTC 
(77.6 and 89.2 %, respectively) in M3 and DS in M7 (98 
and 99.9%, respectively). 
The intensified configuration ISTC offers the best 
tradeoff xA - Q for the separation of several ternary 
mixtures when a high purity of the key component is 
desired (i.e., xA > 0.99), see Figure 3. However, the pu-
rification of other components could not satisfy other 
product specifications depending on the thermody-
namic properties of the system to be separated. For 
example, Figure 5 shows that the purification of both 
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B and C obtained with ISTC can be lower than those 
obtained with DS and NSS. With respect to ISOC, 
the maximum composition of the key compound (xA) 
was generally lower than 99 %, even at large energy 
consumptions, in almost all ternary systems, see re-
sults of Table 3. This intensified ISOC is not an ef-
fective separation process if high product purifica-
tions are desired. In contrast, IS and NSS demands 
more energy than those required for DS and ISOC 
for the same separation target xA - Q. It is interesting 
to observe that DS can compete with or outperform 
ISOC in terms of xA - Q for the separation of some 
ternary mixtures (e.g., M3 and M4). For example, the 
target composition of valuable compounds is usually 
defined as 99.5 % according to traditional heuristics16. 
To satisfy this purity specification, DS requires 3.56 
Gcal/h that is 32 % lower than the energy consump-
tion calculated for ISTC although this configuration 
scheme has only two distillation columns. However, 
the purifications of components B and C (87 and 93 
%, respectively) obtained with ISTC are higher than 
those obtained with DS (i.e., 71 and 84 %, respective-
ly). This analysis clearly highlights the importance of 
conducting a proper comparison and design of distil-
lation process configurations for obtaining the best 
tradeoff in terms of product compositions and energy 
consumption. Finally, the separation behavior of all 
distillation configurations obtained in Pareto fronts 
is practically the same as xA approaches 1.0, see Pa-
reto fronts given in Figure 3. However, the distillation 
schemes may show substantially differences in the 
purities of remaining components B and C, see Fig-
ures 4 and 5. Overall, large reflux ratios are required 
in all distillation configurations for obtaining the 
highest purification of all components. 
CONCLUSIONS
This study has analyzed the process performance 
of direct, indirect, nonsharp and intensified distilla-
tion sequences for the separation of different ternary 
systems where the design parameters have been de-
termined using a multi-objective optimization ap-
proach. Results showed that the tradeoff between the 
purity of target compounds and the energy required 
for the separation can vary substantially for each 
distillation configuration. In fact, the conventional 
distillation sequence may offer the best performance 
of conflicting separation targets than those obtained 
with intensified schemes in some ternary systems. 
This unexpected result is related to the fact that the 
thermodynamic properties of the mixture under 
analysis play an important role for determining the 
proper configuration for the separation at hand. In 
general, an intensified distillation column with two 
side streams offers the lowest energy consumption for 
the separation of the lightest component if the desired 
purification is lower than 95 %. If compositions higher 
than 99 % are required for the key component, the 
direct sequence and an intensified separation scheme 
with two columns could be the best choice. Finally, 
multi-objective optimization offers versatility for the 
reliable design of complex distillation schemes for 
multi-component mixtures involved in industrial ap-
plications.  
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